Background: Cyclophosphamide (CP) is an anticancer drug utilized for treatment of many types of cancer. CP causes many side effects such as hepatotoxicity and mutagenicity. Garlic has long been used as a spice and food additive and is considered as one of the important medicinal plants. Garlic had medicinal importance as it has hepatoprotective, antimicrobial, antioxidant, anti-inflammatory, antithrombotic, antihypertensive, and antihyperlipidemic properties. The purpose of the presented study is to investigate the protective role of aged black garlic against cyclophosphamide-induced hepatotoxicity and apoptosis. The present work was carried out by routine histological H&E stain, histochemical Feulgen stain for DNA, immunohistochemical stain Bcl-2 as apoptotic marker, comet assay, serum biochemical analysis for liver function markers (ALT, AST, albumin, and bilirubin), and hepatic oxidative stress markers (MDA, CAT, SOD, and GPx). Results: Cyclophosphamide induced histological alteration as fatty degeneration, blood venous congestion, pyknosis, necrosis, and vaculations. CP caused a decrease of DNA content, an increase of Bcl-2 immunoreactivity, and increase of DNA damage. Biochemical investigations showed that CP induced significant elevation of ALT, AST, bilirubin, and hepatic MDA. Moreover, CP induced reduction of albumin and hepatic SOD, CAT, and GPx values. Aged black garlic induced significant improvement of alterations induced by CP, when compared with CP-treated group. Conclusion: Aged black garlic succeeded in protecting the liver from apoptosis and pathological alterations induced by CP.
Background
Liver injury caused by toxic chemicals and certain drugs, especially anticancer drugs, is a common toxicological problem. The damage pathogenesis is ranging from inflammation to apoptosis (El-Halawany, Salah El Dine, El Sayed, & Hattori, 2014) .
Application of anticancer drugs causes toxic impacts on healthy cells alongside on tumor cells due to its toxic metabolites. Cyclophosphamide (CP) is an anticancer drug utilized for treatment of many types of cancer. Therapeutic dose of CP causes hepatotoxicity, nephrotoxicity, cardiotoxicity, immunotoxicity, and mutagenicity (Chamorro-Cevallos et al., 2008; Viswanatha-Swamy et al., 2013; Amien, Fahmy, Abd-Elgleel, & Elaskalany, 2015; Li, Li, & Jia, 2015) . Metabolism of CP leads to the formation of many cytotoxic metabolites that induce oxidative injury (Olayinka, Ore, Ola, & Adeyemo, 2015) . The vital issue for both therapeutic and toxic effects of CP is the requirement of metabolic activation by hepatic microsomal cytochrome P450 mixed functional oxidase system (Cederbaum, 2015) . Consequently, the mitigation of the liver damage caused by CP could be an important clinical downside to be resolved. The pharmacodynamic constituents from natural herbs in complementary and alternative medicine (CAM) have been thought to be the main target among the combat with CP-induced liver damage (Yin, Wei, Jian, & Yang, 2013) .
Garlic (Allium sativum L. family Liliaceae) has long been used as a spice and food additive and is considered as one of the important medicinal plants and provides a useful source of new therapeutics. Garlic has a great pharmacological role, as it has been found that the sulfur-containing compounds of garlic have antimutagenic and anticarcinogenic effects (Mikaili, Maadirad, Moloudizargari, Aghajanshakeri, & Sarahroodi, 2013; Kimura et al., 2017) .
Aged black garlic (ABG) is a garlic-processed product which is prepared by aging raw garlic through thermal process at high temperature and high humidity. Also, it is available on the markets in the form of whole bulbs, powder, or organic capsules (Kim et al., 2011) . ABG was found to show more antioxidant activity and higher content of total polyphenol than fresh garlic Shin, Choi, Lee, Cha, & Sung, 2008; Jeong et al., 2016) . Aged black garlic also has been largely attributed to as having cardioprotective, antidiabetic, hepatoprotective, antimicrobial, antioxidant, anti-inflammatory, antithrombotic, antihypertensive, and antihyperlipidemic properties. (Shaarawy et al., 2009; Obioha, Suru, OlaMudathir, & Faremi, 2009; García-Villalón et al., 2016; Kim et al., 2017; Kimura et al., 2017) .
The present study was aimed to investigate the possible protective effects of aged black garlic on histopathological, immunohistochemical, genotoxic, and biochemical alterations induced by cyclophosphamide in the liver of albino rats.
Methods

Animals
Twenty-eight adult male Sprague-Dawley rats weighing 180 ± 15 g were included in the present investigation. The animals were obtained from the Animal House, National Research Center (NRC), Giza, Egypt, and housed in plastic cages (seven rats/cage) at normal atmospheric temperature (25 ± 2°C) and normal 12-h light/dark cycle. Rodent diet and water were provided ad libitum. For acclimatization and to exclude any infection, rats were kept under observation for 1 week prior to experimentation.
Chemicals Cyclophosphamide
CP was obtained in the form of powder (Endoxan injection vial) manufactured by Baxter Oncology, Germany.
Aged black garlic
Aged black garlic, 1 g organic capsules, were obtained from (Mercola Health Resources, LLC; USA).
Experimental design
Rats were randomly divided into four groups (n = 7).
Group 1: This group was kept as control, without any treatments.
Group 2: Animals of this group received aged black garlic (ABG) at dose of (200 mg/kg/daily orally for 2 weeks).
Group 3: The animals of this group were left for 2 weeks without any treatment, then received a single dose of cyclophosphamide (200 mg/kg, i.p.).
Group 4: Animals of this group were treated with ABG for 2 weeks, then received a single dose of cyclophosphamide (200 mg/kg, i.p.).
Methods
Histopathological and histochemical examinations
At the end of the experiment, animals were sacrificed by cervical dislocation, then dissected out and their livers were removed, and then fixed in 10% neutral formalin, dehydrated, cleared, and embedded in paraffin wax.
a. For histological examination, paraffin sections of 5 μm thickness were prepared and stained with routine hematoxylin and eosin stain (Drury & Wallington, 1980) . b. Feulgen reaction (Bancroft & Gamble, 2002) was applied for the histochemical demonstration of nuclear DNA.
Immunohistochemical examination
For immunohistochemical localization of Bcl-2, which is a pro-apoptotic protein, paraffin sections with 5 μm thickness sections were stained using the avidin-biotin peroxidase method. Slides were incubated with primary mouse anti-Bcl-2 (diluted 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), for 60 min. Then, slides were incubated with a biotinylated secondary antibody for 15 min, then incubated with horseradish peroxidase conjugated with streptavidin for further 15 min, followed by adding 3-amino-9-ethylcarbasole (Dako Cytomation, USA) for 15 min. The positive sites of the anti-Bcl-2 antibodies were stained with brown color (Pedrycz & Czerny, 2008) .
Comet assay
This technique permits the detection and an evaluation of single-stranded DNA breaks. The alkaline comet assay was performed as described by Singh, Muller, and Berger (2003) .
Biochemical studies Serum biochemical analysis
Blood samples were collected from the retro-orbital venous plexus before sacrificing animals by using clean capillary tubes. Blood samples were left to clot at room temperature and then centrifuged at 3000 rpm for 15 min to separate serum. Sera were stored at 20°C until assayed for the biochemical parameters. Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin, and bilirubin were assayed according to the method of Schumann and Klauke (2003) using reagent kit purchased from Biosystems (Spain).
Hepatic tissue biochemical analysis for antioxidant markers
For antioxidant demonstration in hepatic tissue, clear supernatants were separated and used for analysis:
1. The extent of lipid peroxidation was estimated as the concentration of thiobarbituric acid reactive product (malondialdehyde (MDA)) according to Ohkawa, Ohishi, and Yagi (1979) . 2. Superoxide dismutase (SOD) activity was measured using the methods of Rest and Spitznagel (1977) . 3. Catalase (CAT) activity was determined from the rate of decomposition of H2O2 (Aebi, Wyss, Scherz, & Skvaril, 1974) . 4. Glutathione peroxidase (GPx) was measured using the methods of Rotruck et al. (1973) .
Statistical analysis
Statistical analysis was performed using SPSS v.16. Results were articulated as mean ± standard error (SE), and all statistical comparisons were made by means of oneway ANOVA test followed by Duncan's multiple range test post hoc analysis. A P value < 0.05 was considered significant.
Results
Histological results
Microscopic examination of hepatic parenchyma of both control group and aged black garlic (ABG)-treated group exhibited normal lobular architecture with hepatocytes arranged in hepatic cords radiating around the central vein and separated by obvious blood sinusoids. The sinusoidal endothelium is formed of endothelial lining cells and contains phagocytic Kupffer cells. The individual hepatocyte was polyhedral in shape with central round nucleus, and some hepatocytes were binucleated (Fig. 1a) . Cyclophosphamide induced many histopathological alterations when compared with the control group, such as leucocytic infiltration (Fig. 1b) , blood venous congestion, cytoplasmic vaculation, and interlobular hemorrhage. Some hepatocytes were pyknotic while others exhibited necrosis. (Fig. 1c) . Fatty degeneration was observed markedly (Fig. 1d) .
On the other hand, the examination of rats treated with ABG before CP showed marked improvement of hepatic tissues when compared with CP-treated group. Hepatocytes were rearranged in radiating strands, nuclei were normal, and cytoplasm did not show any vacuoles or fat droplets (Fig. 1e) .
Histochemical results
For demonstration of DNA content in nuclei, sections were stained with Feulgen's reaction to demonstrate DNA as magenta color. Sections of the liver of control and ABG-treated groups have shown normal DNA contents (Fig. 2a) . Cyclophosphamide caused marked reduction number of nuclei and in DNA content which was explained by moderate magenta color in the hepatocytes of liver sections (Fig. 2b) .
Treating rats with ABG and CP showed more obvious improvement in DNA content with increasing number of nuclei when compared with CP-treated group (Fig. 2c) .
Immunohistochemical results
Microscopic examination of both control and ABG-treated groups revealed moderate expression of the antiapoptotic protein, Bcl-2 in hepatocyte cytoplasm (Fig. 3a) . Treating rats with CP caused marked increased expression of BCL-2 in hepatocytes (Fig. 3b) .
On the other hand, animals treated with ABG and CP showed weak expression of BCL-2 when compared with the CP-treated group (Fig. 3c ). Table 1 and Fig. 4 showed the genotoxic effect of CP on hepatocytes and the protective role of ABG. The genotoxic effect was observed as a significant increase (P < 0.05) in the percentage of DNA in the comet tail in the nuclei of hepatocytes.
Comet assay results
Data presented in
Treatment with ABG did not cause any significant increase of DNA fragmentation when compared with the control group (Table 1; Fig. 4a ). CP administration caused a significant increase (P < 0.05) in number of tailed nuclei and in DNA strand breaks which lead to greater DNA migration out of the nucleus into the tail of the comet in the hepatocytes when compared to the control group (Table 1; Fig. 4b ).
Rats treated with ABG then CP showed significant improvement in DNA by decreasing the number of damaged and strongly damaged spots when compared with the CP-treated group (Table 1; Fig. 4c ).
Biochemical results
The effects of CP-induced hepatotoxicity and the protective effects of ABG on serum markers of liver function are shown in Table 2 . Treating rats with ABG did not cause any alterations of liver function marker levels when compared with the control group.
Cyclophosphamide induced significant elevation (P < 0.05) of serum activity of the liver function markers (ALT, AST, and bilirubin). Conversely, albumin was significantly decreased in CP-administered rats compared with control rats. On the other hand, oral administration of ABG before CP significantly decreased ALT, AST, and bilirubin, while albumin was increased when compared with the CP-treated group (Table 2) . Table 3 showed that the ABG group did not cause any significant alterations in hepatic oxidative stress markers when compared to the control group. Cyclophosphamide administration induced significant reduction (P < 0.05) of hepatic antioxidant enzymes (CAT, SOD, and GPx) values, while MDA values were significantly increased (P < 0.05) ( Table 3) .
The oxidative stress markers in hepatic tissue
Data in
In comparison with the CP-treated group, treating animals with ABG then CP induced significant elevation (P < 0.05) of CAT, SOD, and GPx. Conversely, the activity of MDA significantly decreased (P < 0.05) ( Table 3) . 
Discussion
The presented work showed that cyclophosphamide induced many histopathological alterations when compared with the control group. Liver sections of CP-treated rats showed leucocytic infiltration, blood venous congestion, cytoplasmic vaculation, interlobular hemorrhage, fatty degeneration, and necrosis. In addition, some hepatocytes were pyknotic while others were karyolitic.
Many studies recorded the cyclophosphamide induced hepatic histopathological changes. CP was proven to cause infiltration of acute inflammatory cells and congestion of blood vessels, focal necrosis, pyknosis, and karyolysis. In addition, CP causes focal degeneration of hepatocytes, hydropic degeneration, fatty degeneration, cytoplasmic vaculations, hyperproliferation around the deformed bile ducts, dysplasia, karyomegaly, and nuclear atypia (Lata, Singh, NathTiwari, & Upadhyay, 2014; Mahmoud & Al Dera, 2015; Li, Li, & Jia, 2015) . Metabolism of cyclophosphamide occurs by the hepatic cytochrome P450 system, which results in sinusoidal obstruction syndrome, which induces necrosis, obstruction, and congestion of hepatic veins (Li, Li, & Jia, 2015) .
Our data further suggests that examination of rats treated with aged black garlic before CP showed marked improvement of hepatic tissues when compared with the CP-treated group. Hepatocytes were rearranged in radiating strands, most of nuclei were normal, and cytoplasm did not show any vacuoles or fat drops. The blood venous congestion and necrosis were reduced to a less degree, with a less infiltration in the hepatic portal area and less cellular degeneration.
There exist some limited studies that have surveyed on the histological effects of aged black garlic on the liver. Shin et al. (2014) recorded that aged black garlic ameliorated the CCl4-induced histopathological alterations in hepatocytes, such as infiltration of immune cells and necrosis. Moreover, aged black garlic treatment markedly suppressed the accumulation of lipids and decreased fatty degeneration in mice.
Concerning DNA damage and apoptosis, this study recorded that histochemical demonstration of nuclear DNA by Feulgen stain showed that cyclophosphamide caused marked reduction number of nuclei and in their DNA content. Moreover, immunohistochemical demonstration of antiapoptotic protein BCL-2 showed that treating rats with CP caused marked increased expression of BCL-2 in hepatocytes.
Furthermore, the results obtained from DNA damage investigated by comet assay revealed that CP administration caused marked degree of DNA damage as there was a significant increase number (P < 0.05) of tailed nuclei, and in DNA strand breaks which lead to greater DNA migration out of the nucleus into the tail of the comet in the hepatocytes when compared to the control group. Many investigations have reported that CP induces gene mutations, DNA strand breaks, chromosome aberrations, micronuclei and sister chromatid exchanges, apoptosis, and generation of free radicals (Ferreira et al., 2013) . Data are represented as mean ± SD, n = 7 *Significant increase at P < 0.05 compared with the control group **Significant decrease at P < 0.05 compared with the cyclophosphamide group CP-induced hepatocytes apoptosis was investigated by Alqahtani and Mahmoud (2016) as they determined immunohistochemically both gene and protein expression levels of the proapoptotic factors caspase-3 and BAX. Their results showed that the liver of CP-treated rats for 2 weeks revealed that CP induced significant increase of both caspase-3 mRNA expression (P < 0.01) and protein levels (P < 0.05). Zhang et al. (2012) proved that the CP produced significant DNA damage and cell apoptosis in mouse bone marrow cells and peripheral blood leukocytes, DNA damage, and cell apoptosis were investigated by single cell gel electrophoresis, flow cytometry assay with annexin V-FITC/propidine iodide (PI), and acridine orange (AO)/ethidium bromide (EB) staining assay. Gore et al. (2016) investigated the effect of CP on bladder genomic DNA by agarose gel electrophoresis in mice, and they found that genomic DNA samples isolated from bladders of mice treated with cyclophosphamide showed significantly greater DNA fragmentation. Cell apoptosis is involved in the CP-induced acute hepatotoxicity, characterized by activation of immunohistochemical marker caspase-3, a key cell death protease (Li et al., 2015) .
We demonstrated here that ABG is able to prevent the genotoxicity induced by cyclophosphamide. Histochemical observations using Feulgen stain revealed that treating rats with ABG and CP showed more obvious improvement in DNA content with increasing number of nuclei when compared with the CP-treated group. Moreover, immunohistochemical stain Bcl2 results showed that treating animals with ABG and CP caused a weak expression of Bcl-2 when compared with the CPtreated group. Concerning DNA damage, comet assay recorded that rats treated with ABG then CP showed significant improvement in DNA by decreasing the number of damaged and strongly damaged spots when compared with the CP-treated group.
Our results are supported by the previous investigation of Abdella and Gad (2008) , as they proved that the DADS (diallyl disulfide compound), as the most important biological active compound of garlic, revealed a significant protective effect against mutagenic, genotoxic, and DNA strand breaks and chromosomal damage induced by the mercuric chloride. In addition, Abdella and Gad (2008) explained the role of garlic as antigenotoxic agent may be due to the presence of sulfhydryl groups which may provide protection against increasing free radical formation which induce DNA damage.
Currently, histopathological and genotoxic results were supported and confirmed by biochemical results. Cyclophosphamide induced significant elevation (P < 0.05) of serum activity of the liver function markers (ALT, AST, and bilirubin). Conversely, albumin was significantly decreased in CP-administered rats compared with control rats. Similar findings were reported by many authors, as cyclophosphamide was proved to cause significant increase of serum ALT, AST, and bilirubin (Olayinka, Ore, Ola, & Adeyemo, 2015; Li et al., 2015) and decreased albumin levels (Mahmoud & Al Dera, 2015) .
Our results revealed that oral administration of ABG before CP significantly decreased ALT, AST, and Data are represented as mean ± SD, n = 7 *Significant increase at P < 0.05 compared with the control group **Significant decrease at P < 0.05 compared with the cyclophosphamide group bilirubin, while albumin was increased when compared with the CP-treated group. Similar findings were recorded; ABG significantly decreased ALT, AST, and ALP serum levels which were elevated by CCl4 administration (Shin et al., 2014) . Concerning the oxidative stress and antioxidant statues, our investigation showed that cyclophosphamide administration induced significant reduction (P < 0.05) of hepatic antioxidant enzymes (CAT, SOD, and GPx) values, while MDA values were significantly increased (P < 0.05). Many investigations have reported that CP induces oxidative stress and reduces the antioxidant statues. Administration with CP was proven to cause a significant reduction of hepatic CAT, SOD, and GPx (Mahmoud, Hussein, & Ramadan, 2013; Mahmoud & Al Dera, 2015; Olayinka, Ore, Ola, & Adeyemo, 2015) . Moreover, liver lipid peroxidation (LPO), estimated as MDA, showed a significant increase (P < 0.001) in CP-induced mice when compared to the control group (Li et al., 2015) .
The present results showed that supplementation of ABG before the administration of CP induced significant elevation (P < 0.05) of CAT, SOD, and GPx. Conversely, the activity of MDA significantly decreased (P < 0.05). Similarly, Shaarawy et al. (2009) recorded that administration of garlic significantly decreased lipid peroxidation and increased antioxidant enzymes, such as SOD, CAT, and GSH significantly.
The most active compound in black garlic is S-allyl-Lcysteine (SAC) which can act as an antioxidant via two pathways, direct and in direct pathway. Directly, SAC scavenges free radicals. Indirectly, SAC restores glutathione peroxidase, glutathione reductase, and superoxide dismutase levels and activates the transcription Nrf2 factor, which is responsible for regulating the expression of antioxidant and cellular protective genes by inhibition of NFjB factor which is activated in response to oxidative stress. (Hermawati, Sari, & Partadiredja, 2015) .
Summarily, CP induces inflammation and oxidative stress in the liver of rats. Oxidative stress together with inflammation induces apoptosis (Alqahtani & Mahmoud, 2016) . CP-induced apoptosis is mediated by oxidative stress (Asiri, 2010) . Aged black garlic may act as an antimutagenic and protective agent against DNA damage via its antioxidant properties (Abdella & Gad, 2008) .
Conclusions
The present study can suggest that aged black garlic has antiapoptotic properties against CP-induced apoptosis by inhibition of oxidative stress.
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